Abstract-A novel multiplexed sensing scheme based on Brownian relaxation for biomolecules tagged to magnetic nanoparticles (MNPs) in liquid environment is proposed. Feasibility of the technique has been verified by the experiments with the mixture of differently sized magnetic nanoparticles using a newly developed room temperature, miniaturized AC magnetic susceptometer. The AC magnetic susceptibility measurements of Brownian relaxation of MNPs verify the sensing modality that proves the resonant frequency of imaginary susceptibility is inversely proportional to effective hydrodynamic size of MNPs. The proposed Brownian sensing scheme has the potential for multiplexed analysis of multiple biological binding events on functionalized MNPs. The performances were verified for individual and mixtures of monodisperse iron oxide MNPs in solution with carboxylic acid group with core diameters of 15, 25, 35, 50nm using the proposed susceptometer. The approach is readily compatible with lab-on-chip applications in medical diagnostics, and can be used for affinity-based biosensing.
INTRODUCTION
Due to the relative simplicity of sample preparation, ease of processing and inherent biocompatibility, magnetic nanoparticles (MNPs) are increasingly of great interest in biotechnology and biomedicine as alternatives to conventional radioisotopes or fluorescent materials [1] . The development of bio-conjugated MNPs allows various opportunities for the application of MNPs for biomedical diagnostics [2] . Several sensing schemes using the magnetic stray field for MNPs bound to targets have been studied by means of magnetoresistance [3] , Hall Effect [4] , or superconducting quantum interference devices [5] . However, many established devices and techniques require extreme conditions such as high magnetic fields and/or low temperature and are also time consuming. An alternative method to detect the binding of biomolecules such as protein to the MNPs is via measurement of the AC magnetic susceptibility of the nanoparticles based on Brownian relaxation. AC magnetic susceptometry is a precise detection technique that capitalizes on the diffusive properties of MNPs in solution [6, 7] and is appropriate for point of care diagnostics with potential for chip implementation [8] . The use of AC susceptometry for the detection of biomolecules using tagged MNPs was initially described theoretically by Connolly and St. Pierre [9] . Magneto-optical measurement [10] and fluxgate relaxometry [11] have recently been proposed to measure brownian relaxation of MNPs to acquire AC magnetic susceptibility as a function of frequency. Although previous studies have shown good performance with outstanding sensitivity, experiments have been done for only single sized MNPs with bulky conventional instruments. Our focus is on achieving multiplexed biosensing for the mixture of differently sized MNPs utilizing a newly developed, compact, room temperature, low cost, low power AC susceptometer. The susceptometer and the proposed approach are scalable for labon-chip application using planar microcoils and microfludics.
II. THEORY OF BROWNIAN SENSING

A. Brownian relaxation detection using AC susceptibility
The principle of a Brownian relaxation detection scheme uses the random rotational motion of magnetically tagged sensors, determined via measurement of collective magnetic susceptibility as a function of the frequency of the applied magnetic field [12] . When the excitation frequency is close to the rotational motion frequency of the magnetically labeled sensor, a large increase in the loss component of the complex magnetic susceptibility occurs. This is observed as a peak frequency of the imaginary component of the complex magnetic susceptibility (90° out-of-phase: ' ' χ χ ) components of the complex magnetic susceptibility are described by the following relations [12] : τ is a function of 3 r , the peak frequency of imaginary susceptibility will decrease proportional to the hydrodynamic radius with cubic dependence.
Unlike other ELISA (Enzyme-linked immunosorbent assay) techniques that require tight binding for detection, even dynamic binding should perturb the relaxation of sensor particles, resulting in a detectable signature. Low inherent susceptibility in most biological samples should facilitate low background detection even in unpurified samples. Binding events to small and large organisms, large molecules (e.g. DNA) and other macromolecular aggregates can be detected using the proposed scheme.
B. Multiplexed detection scheme for multiple biological targets tagged to magnetic nanoparticles
The proposed sensing scheme based on measurement of change in the brownian relaxation due to change in effective hydrodynamic size is very suitable for multiplexed detection of multiple biological targets tagged to MNPs. A theoretical demonstration of a multiplexed detection scheme has been presented in figure 1(a) and (b) . Since the imaginary component of the AC susceptibility of individual MNPs with different size has its own distinct frequency peak corresponding to the hydrodynamic radius of the MNPs, an AC susceptometer with remarkable sensitivity enables us to detect the multiple frequency peaks for mixture of differently sized MNPs simultaneously. Moreover, if a selective bioconjugation such as the affinity of avidin-biotin can be applied to the mixture, which leads to an aggregation for only single MNPs, we will be able to measure the original Brownian relaxation time for non aggregated MNPs.
III. EXPERIMENTAL DETAILS OF AC MAGNETIC
SUSCEPTOMETRY
Prior work on utilizing magnetic detection of brownian relaxation has been limited to single sized magnetic nanoparticles using bulky conventional instruments. In this paper we propose a platform for simultaneous multiplexed detection of multiple magnetic nanoparticles utilizing a newly developed, compact low power AC susceptometer. The proposed compact AC magnetic susceptometer consists of a high impedance AC current source, precise millimeter sized differential sensing coils, and a lock-in amplifier (LIA) to extract the in-phase and out-of-phase component of minute voltage signal from the sensing coil output as shown in figure  2 . For amplifying the weak signal from the secondary coil and rejecting environmental noise, a low noise amplifier and band pass filter implemented on printed circuit board were used before a lock-in amplifier. The entire system can be miniaturized in future versions using Complementary Metal Oxide Semiconductor (CMOS) technology. The differential sensing coil system has two cylindrical coil pairs; an excitation coil and two identical sensing coils. Differential Magnetic nanoparticles were loaded in a capsule with a volume of 80ul and then the capsule was inserted into the core of one of the secondary coils. The other secondary coil is air-core with no sample. All measurements are carried out at room temperature. AC sinusoidal current from the current source was applied to the excitation coil and the phase of the reference signal was adjusted in the LIA to maximize the imaginary component of the detected signal. The measurement process has been automated and performed by NI LabVIEW. Frequency was swept between 10 Hz and 10 kHz in equal steps. One frequency scan was acquired in about 30 minutes and can be reduced with better board design and high-speed data acquisition. Since the detected signal from the LIA is on the order of microvolts and is sensitive to noisy environments, an averaging technique has been employed in this measurement.
IV. RESULTS AND DISCUSSION
Magnetic detection of Brownian motion of MNPs based on measurement of complex AC susceptibility in aqueous solution depends on several critical parameters such as effective hydrodynamic size of MNPs, concentration of MNPs, applied magnetic field and mass of the MNPs. We report the parameter analysis of AC susceptibility for Brownian relaxation of MNPs utilizing our compact AC susceptometer. We carried out all measurements under room temperature and identical conditions using our handheld AC susceptometer. Although the present detection sensitivity is limited due to coil dimensions and amplifier sensitivity, the study provides a useful guide to further improve the detection limit to 1ug/ml for just 0.1 gauss field excitation with small compact planar sensing coils and sensitive low noise amplifiers.
A. Size-dependent Brownian relaxation based biosensing
The measurement of AC susceptibility for individual monodisperse iron oxide MNPs in solution (80ul; functionalized with carboxylic acid group) having core diameters of 15, 25, 35 and 50nm with concentration of 5mg/ml (supplied by Ocean Nanotech, USA) under the external magnetic field of 5 Gauss is displayed in figure 3 . Although the shifts of frequency peaks are discrepant from theoretical values, possibly due to the broad size distribution and anisotropic nature of the MNPs, results validate that the resonant frequency for imaginary component of the complex magnetic susceptibility is inversely proportional to effective hydrodynamic size of MNPs as predicted in (3) and (4) . Also, we find that down sizing of MNPs causes a gentle slope of curve for real part of magnetic susceptibility in figure 3(b) . MNPs with a narrow size distribution and regular shape are desirable for Brownian relaxation detection, since these factors have been shown to contribute significantly to frequency peak shifts and peak sharpness even across small changes in effective hydrodynamic size [6] .
B. Multiplexed detection for the mixture of differently sized magnetic nanoparticles
In order to verify the potential of the proposed multiplexed detection scheme, we have measured AC susceptibility for 1:1 mixture of iron oxide MNPs in solution (80ul; functionalized with carboxylic acid group) having core diameters of 25 and 50nm (5mg/ml) (Ocean Nanotech, USA) as shown in figure 4 . The result shows that the imaginary component of AC susceptibility for the mixtures of two differently sized MNPs indicates the combination of frequency peaks corresponding to each MNPs. If the hydrodynamic size difference between samples in the mixture is very slight such as a few nanometers, higher AC susceptometer sensitivity as well as a precise size distribution of MNPs in solution will be required to detect adjacent frequency peaks.
V. CONCLUSION
In summary, a novel sensing paradigm based on Brownian relaxation of magnetic nanoparticles in a liquid using a miniaturized AC susceptometer has been studied. We have designed and developed a compact low cost AC susceptometer without bulky instrumentation. It was used to experimentally conduct analysis of complex AC magnetic susceptibility as a function of effective hydrodynamic size with MNPs in suspension. The measurements for iron oxide MNPs with different sizes have verified the sensing modality. A novel multiplexed detection scheme for multiple biological targets tagged to functionalized MNPs using Brownian relaxation has been proposed and verified by the experiment with the mixture of differently sized magnetic nanoparticles. The result has shown the feasibility of sensing for target biomolecules using affinity labeled MNPs using a novel, compact, room temperature AC susceptometer. Future work will focus on development of chip-level AC susceptometer with higher sensitivity for lab-on-chip application.
